Chromosome 8q24/MYC rearrangement is associated with Burkitt lymphoma and some aggressive B-cell lymphomas, but is rare in chronic lymphocytic leukemia. We here report a cohort of 20 chronic lymphocytic leukemia patients with 8q24/MYC rearrangement, 3 detected at time of initial diagnosis and 17 acquired after a median interval of 48 months. At the time when 8q24/MYC arrangement was detected, 18 patients had B-symptoms, 17 had lymphadenopathy, and 17 had splenomegaly. Histologically, typical chronic lymphocytic leukemia morphology was seen in six patients, increased prolymphocytes in nine and Richter's transformation in five patients. Eighteen patients had karyotypic information available that showed t(8;v) in a complex karyotype in 12 patients and in a non-complex karyotype in 6 patients. Fluorescence in situ hybridization confirmed MYC rearrangement in 17/17 patients. All patients required therapy after 8q24/MYC rearrangement was detected. At last follow-up, five of six patients with a non-complex karyotype were alive after a median of 74 months (10~143 months) from the detection of 8q24/MYC rearrangement. In contrast, 10 of 12 patients with a complex karyotype died with a median survival of 5.5 months. We conclude that 8q24/MYC rearrangement in chronic lymphocytic leukemia is rare and often acquired during the course of disease. If it is presented in a complex karyotype, it is often associated with Richter's transformation, refractory to therapy and an aggressive clinical course; on the other hand, if it is present in a non-complex karyotype, patients often respond to risk-adapted therapies and achieve remission.
Chronic lymphocytic leukemia is the most frequent type of leukemia in the Western world, characterized by overproduction of monotypic small B cells in peripheral blood and/or bone marrow with co-expression of CD5 and CD23. Patients with chronic lymphocytic leukemia follow a variable clinical course, with overall survival ranging from months to decades. About 80% of chronic lymphocytic leukemia patients have cytogenetic abnormalities detected by conventional cytogenetics and/or fluorescence in situ hybridization (FISH), with deletions of 6q21/MYB, 11q22/ATM, 13q14, 17p13/TP53, and trisomy 12 being the most common. 1 Translocations of chromosome 8q24 juxtapose MYC oncogene with the immunoglobin heavy chain (14q32), or less frequently, with kappa (2p12) or lambda (22q11.2) light chain genes, leading to overexpression of MYC that has a role in malignant transformation of B cells. 2 8q24/MYC rearrangement can be not only detected in over 90% patients with Burkitt lymphoma, 1 but also has been identified in other aggressive lymphomas, such as 'double hit' B-cell lymphoma, 3, 4 B-cell prolymphocytic leukemia, 5 blastoid variant of mantle cell lymphoma, 6 and diffuse large B-cell lymphoma transformed from follicular lymphoma. 7 8q24/MYC rearrangement is rare in chronic lymphocytic leukemia and only occasional cases have been reported. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In most of these reports, 8q24/MYC rearrangement occurred as a part of a complex karyotype, often associated with increased prolymphocytes or Richter's transformation and an aggressive clinical course; only rare cases reported had typical chronic lymphocytic leukemia morphology and responded well to chemotherapy. 5, 9 To better characterize the clinical behavior and pathological features of chronic lymphocytic leukemia with 8q24/MYC rearrangement, we searched our database for all chronic lymphocytic leukemia patients at our institution in the past 15 years, and identified 20 patients with 8q24/MYC rearrangement who had detailed clinical, pathological, and cytogenetic information available. We show that the prognostic importance of 8q24/MYC rearrangement is contextual, depending in part on other cytogenetic abnormalities.
Materials and methods

Patients
We searched the pathology database of The University of Texas MD Anderson Cancer Center for all chronic lymphocytic leukemia patients diagnosed/managed at our institution between the years of 2000 to 2015. Conventional cytogenetics (karyotype) and FISH results were collected for all patients. Clinical and laboratory data, response to treatment and patient outcome were obtained through medical records for all patients with 8q24/MYC rearrangement. All samples were collected following institutional guidelines with informed consent in accordance with the Declaration of Helsinki.
Laboratory Data and Morphological Examination
Laboratory data including white blood cell count, hemoglobin level, platelet count, percentage of prolymphocytes, B2 microglobulin level, and lactate dehydrogenase level were collected. Peripheral blood smears, bone marrow aspirate smears, and trephine biopsy specimens were reviewed in all cases. The morphologic features and infiltration patterns, as well as the percentage of prolymphocytes in bone marrow were recorded. Cases with prolymphocytes ≥ 10% but o 55% of the total lymphocytes in peripheral blood were designated as chronic lymphocytic leukemia with increased prolymphocytes, and cases with ≥ 55% prolymphocytes were designated as chronic lymphocytic leukemia in prolymphocytoid transformation.
Immunophenotypic Methods
Bone marrow aspirate specimen was assessed by flow cytometric immunophenotyping for a chronic lymphocytic leukemia immunophenotype as described previously. 15 For each case, the chronic lymphocytic leukemia score was calculated according to the system of Matutes et al, 18 subsequently modified by Moreau et al. 19 Scores were based on five variables: expression of CD5, CD23, dim surface immunoglobulin, dim or absent CD22/CD79b and absence of FMC-7. Cases with a score of 4-5 were considered to have a typical chronic lymphocytic leukemia immunophenotype; cases that deviated from this pattern of antigen expression were considered to have an atypical immunophenotype.
Immunohistochemical analysis for ZAP-70, Ki-67, and MYC was performed using formalin-fixed paraffin-embedded tissue sections of bone marrow core biopsy or aspirate clot specimens in a subset of cases, as described previously. 15 
Somatic Mutation Analysis of Immunoglobulin Heavy Chain Variable Region Genes
Sequence analysis of the immunoglobulin heavy chain variable region genes was performed using total RNA extracted from bone marrow aspirate material or DNA extracted from paraffin-embedded bone marrow aspirate clot sections, as described previously. 15 The somatic mutation status was designated as unmutated if there was o 2% deviation from germline sequences, or as mutated if there was 2% or more deviation. 20 
Conventional Karyotyping and FISH
Conventional chromosomal analysis was performed on G-banded metaphase cells prepared from bone marrow aspirate cultured for 24 h without mitogen and 72 h with mitogens of lipopolysaccharide or a cocktail of pokeweed mitogen/phorbol ester/CpG oligodeoxynucleotide using standard techniques. Twenty metaphases were analyzed and the results were reported using the International System for Human Cytogenetic Nomenclature (2013). 21 Cases with three or more chromosomal abnormalities were considered to have a complex karyotype.
FISH for chronic lymphocytic leukemia panel was performed on interphase nuclei obtained from cultured bone marrow cells using a multicolor probe panel designed to detect deletions of 11q22.3 (ATM), 13q14.3 (D13S319), 13q34 (LAMP1), 17p13.1 (TP53), and trisomy 12 (12p11.1-q11) according to the manufacturer's instructions (Abbott Molecular, IL, USA). FISH for MYC (dual-color break-part probe, Abbott Molecular) was performed on cultured bone marrow cells or bone marrow aspirate smear or paraffinembedded clot sections. Combined morphologic-FISH analysis was performed on Wright-Giemsa stained bone marrow aspirate smears using a MYC probe as described previously. 22 
Results
Cytogenetic Findings
Of~4500 chronic lymphocytic leukemia patients, 8q24/MYC rearrangement was detected in 30 (0.7%) patients; 10 were excluded from the study owing to a lack of sufficient clinical information or follow-up data. The final study group included 20 patients, 8q24/MYC rearrangement in chronic lymphocytic leukemia Y Li et al 13 men and 7 women, with a median age of 59 years (range, 43-74 years). Of note, six of these patients (cases 4-5, 14-17) have been reported previously. 8 Seven patients had karyotypic information available prior to detection of 8q24/MYC rearrangement. Of those, three patients (cases 10, 13, 16) showed t(8q24;v) arrangements as a result of clonal evolution (case 10 showed a normal karyotype, but FISH detected +12 at the time of diagnosis), and two (cases 9, 17) as new clones (Table 2 ). Of note, patient 9 had a normal karyotype at the time of chronic lymphocytic leukemia diagnosis; however, at the 12.5-year follow-up, bone marrow showed 45,XY,-2, del(6)(q13q23),add(14)(q32) [2] /46,XY [18] . At 13.7-year follow-up, bone marrow showed 47,XY,+1,del(1)(p13p36.1),t(8;14)(q24.1;q32)
[19] /46,XY [1] . Karyotype was available in 18 patients at the time of 8q24/MYC rearrangement detection, and all showed 8q24 translocation, including t(8;14) (IgH/MYC, n = 14), t(2;8) (κ/MYC, n = 2), and t(8;22) (λ/MYC, n = 2) ( Table 2 ). In the remaining two patients without karyotype, MYC arrangement was identified by FISH performed on tissue biopsy that showed Richter's transformation.
8q24/MYC rearrangement was detected at time of initial diagnosis of chronic lymphocytic leukemia in three patients (case 1, 5, 8) , and detected during the course of disease in 17 patients. Of the latter 17 patients, 5 were on observation only and 12 had received various treatments for chronic lymphocytic leukemia (Table 1) , and 8q24/MYC rearrangement was detected after a median interval of 48 months (range 4-186 months) after diagnosis. T(8q24;v) was found in the context of a complex karyotype in 12 patients, 10 of whom had been treated prior to the detection of 8q24/MYC rearrangement; whereas t(8q24;v) was found in a non-complex karyotype in six patients, none of these patients had received prior therapy for chronic lymphocytic leukemia. Monosomy 17 was found in four patients with a complex karyotype ( Table 2) .
FISH for chronic lymphocytic leukemia panel was performed on 15 patients, nine cases had D13S319 deletion; three had +12; three had TP53 deletion; two had ATM deletion; and three patients were negative for all probes tested. TP53 deletion and +12 were only seen in cases with a complex karyotype ( Table 2) . FISH for MYC rearrangement was performed in 17 patients who had material available, all showed MYC rearrangement, and the percentage of positive cells for rearrangement is listed in Table 2 .
Combined morphologic-FISH analysis was performed in two cases: case 2 (typical chronic lymphocytic leukemia) and case 1 (chronic lymphocytic leukemia with increased prolymphocytes). MYC rearrangement was detected in small lymphocytes (case 1 and case 2) and prolymphocytes (case 2). Granulocyte and myelocytes showed normal pattern (negative for MYC rearrangement (Figure 1 ).
Clinical and Laboratory Findings
At the time when 8q24/MYC rearrangement was detected, 18 patients had variable degrees of B-type symptoms, 17 had lymphadenopathy and 17 had splenomegaly. All but one patient (case 1) had leukocytosis (white blood cells: median 70 × 10 9 /l, range 8.6-241 × 10 9 /l); 13 patients had anemia (hemoglobin: median 11.5 g/dl, range 9-15.9 g/dl); 9 patients had thrombocytopenia (platelets: median 143 × 10 9 /l, range 58-257 × 10 9 /l); all patients showed absolute lymphocytosis (median 68.3 x10 9 /l, range 5.3-236.1 × 10 9 /l). Prolymphocytes in peripheral blood were increased in nine patients, five with prolymphocytes of 10~34% (chronic lymphocytic leukemia with increased prolymphocytes), and four had prolymphocytes 455% (chronic lymphocytic leukemia in prolymphocytoid transformation) ( Table 1 ). All patients showed an increased serum B2 microglobulin level (median 4.6 mg/l, range 2.1-11.2 mg/l) (reference range, 0.7-1.8 mg/l) and 17 (cases [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] had an increased serum lactate dehydrogenase level (median 1220 IU/l range 507-19328 IU/l) (reference range, 313-618 IU/l). Rai stage was IV in nine patients, III in four patients, II in six patients, and 0 in one patient. All patients required treatments for chronic lymphocytic leukemia after the detection of 8q24/MYC rearrangement. The therapy was risk-adapted, and the detailed therapeutic regimens are listed in Table 1 . Two patients also received stem cell transplant.
Morphological and Immunophenotypical Findings
At the time 8q24/MYC rearrangement was detected, six patients (cases 2-4, 6, 12, 17) showed predominantly small mature lymphocytes without significantly increased prolymphocytes in bone marrow and nine (patient 1, 5, 7, 8, 11, 14-16, and 18) had prolymphocytes of 10~70%. Five patients (9-10, 13, 19-20) had Richter's transformation: patient 9 had EBV-positive plasmablastic lymphoma involving bone marrow as well as left supraclavicular lymph node; patients 10 and 13 had diffuse large B-cell lymphoma in bone marrow; patient 19 had plasmablastic lymphoma in right neck mass; and patient 20 had diffuse large B-cell lymphoma in an abdominal mass. All five patients with Richter's transformation had small chronic lymphocytic leukemia cells detected concurrently in bone marrow at the time of 8q24/MYC rearrangement detection.
At the time of 8q24/MYC rearrangement detection, 13 patients (cases 1-8, 10, 12, 15, 17-18) showed a typical chronic lymphocytic leukemia immunophenotype (score 4-5); cases 9 and 19 showed two neoplastic populations: a smaller population had a typical immunophenotype for chronic lymphocytic leukemia and a larger population showed plasmacytic differentiation (CD38 bright, CD5 − , CD19 − ) and a different light chain expression. CD20 expression Modern Pathology (2016) 29, 444-451 8q24/MYC rearrangement in chronic lymphocytic leukemia could not be assessed owing to the use of Rituximab treatment. Case 11 had an atypical immunophenotype, with loss of CD23 expression and gain of FMC-7 expression. Cases 13 and 20 were both negative for CD5 and CD23 expression. Cases 14 and 16 had no immunophenotype available at the time of 8q24/MYC rearrangement detection. All cases assessed were negative for CD10. Of note, all these patients (cases 9, 11, 13, 19, 20) with an immunophenotype different from chronic lymphocytic leukemia had a typical chronic lymphocytic leukemia immunophenotype at the initial diagnosis.
ZAP-70 was performed by immunohistochemical stain in 15 patients: positive in 10 and negative in 5 (Table 1) ; Ki-67 was performed in 12 patients: positivity was in 1-10% lymphocytes in cases with typical chronic lymphocytic leukemia morphology, 5~30% in cases with chronic lymphocytic leukemia with increased prolymphocytes, and 80~99% in cases with diffuse large B-cell lymphoma. MYC immunohistochemistry stain was performed in three patients (cases 13, 19, 20) , and showed a positive expression of MYC in all three cases.
Somatic Hypermutation Status
Immunoglobulin heavy chain somatic hypermutation status was available in 13 patients, 8 unmutated and 5 mutated (Table 1) . Somatic mutation status was concordant with expression of ZAP-70 (unmutated cases are ZAP-70 positive and mutated cases are ZAP-70 negative) in nine patients and discordant in three patients.
Follow-up
Among the six patients (cases 1-6) with a non-complex karyotype, five were alive with complete remission after a median of 74 months (range, 10~143 months) follow-up from the detection of 8q24/MYC rearrangement. One patient (case 5) developed Richter's transformation (diffuse large B-cell lymphoma in pelvic soft tissue) at 41 months and died at 47 months. Among the 12 patients with a complex karyotype (cases 7-18), 10 patients died and 2 patients were alive: patient 7 with persistent chronic lymphocytic leukemia, patient 10 with complete remission after stem cell transplant. Patient 14 developed Richter's transformation (diffuse large B-cell lymphoma in ulcerated colorectal mucosa) at 15 months and died at 48 months. The median overall survival for patients with a complex karyotype was 5.5 months. For the two patients without karyotypic information, patient 20 died at 1 month, and patient 19 was alive after 4 months of development of Richter's transformation. The overall survival of patients with a non-complex karyotype (median survival, undefined) and that of patients with a complex Figure 2 .
Discussion
MYC is a highly potent proto-oncogene that directs cellular functions related to growth, cell cycle progression, and survival. 23 Deregulation of the MYC has been shown to have a critical role in lymphomagenesis. 24 MYC rearrangement is characteristic of Burkitt lymphoma, but is also associated with a subset of other aggressive B-cell lymphomas that often demonstrate a high proliferation rate. In this study, we show that 8q24/MYC rearrangement is very rare in chronic lymphocytic leukemia, and like previously reported cases, MYC rearrangement is highly associated with disease progression and clinical aggressiveness. However, we also observed that in some chronic lymphocytic leukemia patients, especially the patients with non-complex karyotype, 8q24/MYC rearrangement does not interfere response to conventional therapy. The clinical significance of MYC rearrangement in chronic lymphocytic leukemia appears to depend on other coexisting karyotypic abnormalities. The clinical course of chronic lymphocytic leukemia is variable. Many patients are generally monitored without therapy unless patients have high Rai stage and the doubling time is o 6 months. Progression of chronic lymphocytic leukemia to high-grade lymphoma (Richter's transformation) is an uncommon event, occurring in 2~10% of patients. 1 8q24/MYC rearrangement is rare in chronic lymphocytic leukemia, was reported iñ 0.2% of the patients in a study by Reddy et al 14 and occurred in~0.7% of the cases in the current study. Among the reported cases, most patients showed an aggressive clinical course with increased prolymphocytes or development of Richter's transformation. 9, [12] [13] [14] 16 In our cohort, 14 patients (70%) showed increased prolymphocytes and/or developed Richter's transformation. Also note that almost half of the patients in our cohort had 14, 16) . It seems reasonable to assume that 8q24/MYC rearrangement was gained during the course of disease and was a secondary event. All our patients required immediate therapy after the detection of 8q24/MYC rearrangement, which also suggests that the rearrangement is associated with a progressive or an advanced stage of disease. The response to therapy and outcomes varied greatly in our patients. At time of last clinical follow-up, six patients achieved complete remission (including one with stem cell transplant), two had persistent disease and 12 died of disease. We compared the clinical, pathological, and cytogenetic features among the patients who had good response to therapy and the patients who were refractory to therapy. There was no difference regarding patients' age or gender. ZAP-70 positivity or immunoglobulin somatic hypermutation status, the two well-known prognostic factors in chronic lymphocytic leukemia, 25,26 also did not correlate with response to therapy. However, we found that patients who acquired 8q24/MYC rearrangement during the course of disease were almost always resistant to risk-adapted therapy, whereas all six patients (cases 1-4, 6-7) who had good response to therapy (not included stem cell transplant) were patients who had no prior therapy and had 8q24/MYC rearrangement detected at the time of first karyotyping.
Treatment response in chronic lymphocytic leukemia patients with MYC rearrangement was also closely correlated with the complexity of karyotype. Among the six patients with a non-complex karyotype (cases 1-6), five were alive and remained in complete remission. On the other hand, 10 of 12 patients with a complex karyotype died with a median survival of 5.5 months, the remaining two patients, one received stem cell transplant (case 10) and the other (case 7) had only two chromosome gains besides t(8;14), which may not be a 'true' complex karyotype. Interestingly, a non-complex karyotype was only seen in the untreated patients, whereas a complex karyotype was often associated with relapsed disease or in patients who after a long period of observation suddenly developed a progressive disease. These findings suggest that t(8q24;v) is likely a secondary event in patients with a complex karyotype and a primary event in patients with a non-complex karyotype. This phenomenon is akin to Burkitt lymphoma and diffuse large B-cell lymphoma: patients with Burkitt lymphoma often harbor a sole abnormality of t(8q24;v) or a non-complex karyotype and respond well to chemotherapy, whereas patients with 'double hit' B-cell lymphoma or other transformed high-grade lymphoma often harbor a complex karyotype and are resistant to chemotherapy. 27 Similar findings were described in single case reports that chronic lymphocytic leukemia patients with 8q24/MYC rearrangement in a non-complex karyotype responded well to therapy. 5, 9 Besides, we also compared the overall survival of patients (from our chronic lymphocytic leukemia database, regardless of MYC rearrangement) who had a non-complex karyotype (n = 408) with who had a complex karyotype (n = 351), patients with a complex karyotype had a significant inferior survival (median overall survival: 130 vs 166 months; P o 0.0001). This finding also supports that a complex karyotype has an important role in patients' outcome.
Although 8q24/MYC rearrangement is often associated with increased prolymphocytes or Richter's transformation, six patients in this cohort showed typical small mature chronic lymphocytic leukemia morphology, including four patients with a non-complex karyotype. Ki-67 was performed in three of these patients and the proliferation rate ranged 1-10%, which is typical for chronic lymphocytic leukemia and other low-grade lymphomas. The serum lactate dehydrogenase level was normal in four of six patients with a non-complex karyotype. These findings suggest that a non-complex karyotype is often associated with low-grade morphology, low proliferation rate, low lactate dehydrogenase level, and good response to therapy.
In summary, 8q24/MYC rearrangement is very rare in chronic lymphocytic leukemia patients and in majority of the patients, 8q24/MYC rearrangement is acquired during the course of disease. Patients with a non-complex karyotype often present with small mature chronic lymphocytic leukemia morphology, and respond well to the frontline therapies and achieve long-term complete remission. However, patients with a complex karyotype often have increased prolymphocytes and/or Richter's transformation, are refractory to treatment and have a very aggressive clinical course.
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